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Abstract—The impingement of supersonic jets on solid 

objects create lot of problems arise in a wide variety of 

situations like gas-turbine blade failure,  multistage rocket 

separation,  lunar and planetary landing, deep-space 

docking, space-module attitude-control thrusters operation 

and take-off, jet-engine exhaust impingement, shock-

impingement heating, gun-muzzle blast impingement and 

terrestrial rocket launch. The impingement flows are 

generally found to be extremely more complex. They 

contain mixed subsonic and supersonic regions, and 

expansion systems, highly non-uniform upstream flows, 

regions of turbulent shear and instances of major flow 

instabilities. This paper reports an investigation in which 

the impingement on a flat plate with different plate 

parameters by using CFD software. Plate inclinations at 

80°, 70°, 60° were investigated with h/d (plates spacing to 

jet diameter ratio) =1, 2. The flows are shown to be 

extremely complex due to the local structure of the free jet 

and particularly, due to interactions between shock waves 

in the free jet and those created by the plate. These 

interactions tend to be the controlling factors but at larger 

distances from the nozzle, mixing effects become 

increasingly important. Here we discuss the static pressure 

distribution with different plate parameters. 

 

Index Terms— Jet impingement, flow visualization, CFD 

modelling 

I. INTRODUCTION 

The impinging jet can be defined as a high velocity coolant 

mass ejected from a hole impinges on a heat transfer surface. 

A characteristic feature of this flow arrangement is an intensive 

heat transfer rate between the fluid and the wall. It 

predetermined the fluid jets widely used in industrial 

applications where efficient heat transfer rate are needed. For 

example for cooling of turbine blades, laser mirrors and 

electronic components for paper drying, multistage rocket 

separation etc. The jet zone is situated directly beneath of the 

nozzle. The fluid issuing from the nozzle mixes with the 

quiescent surrounding fluid which creates a flow field. This 

flow field is up to a certain distance from the wall identical with 

the flow field of submerged non impinging jet. The jet flow is 

undeveloped up to six or seven nozzle diameters from the 

nozzle lip. Consequently, in most applications, the nozzle-to-

plate distance is too small to enable the developed jet flow 

conduction. Then a shear layer forms around the jet. Its 

properties are depends strongly on the nozzle type.  In most 

situations, except a laminar flow from a tube nozzle, the shear 

layer is initially relatively thin compared to the nozzle diameter. 

Therefore its dynamical behaviours are similar to that of a 

plane shear layer. The shear layer thickness becomes 

comparable with the jet diameter downstream, and the 

behaviour of the layer changes considerably [3]. 

Most rocket nozzles are of converging-diverging De Laval 

type. Since the flow velocity of the gases in the converging 

section of the rocket nozzle is relatively low, any smooth and 

well-rounded convergent nozzle section will have very low 

energy losses. The contour of the diverging nozzle section is 

very important to performance, because of very high flow 

velocities involved. To gain higher performance and shorter 

length the nozzle divergent has to be bell shaped [4].  

 

II. TEST FACILITY 

Compressed air for the jets was supplied to the nozzles by 

Carling & Hunt's (1974) work. This is connected to a 30 bar 

main and incorporates a control valve and a settling chamber. 

The pressure in the chamber is displayed on a Budenberg test 

gauge. Early on in the work, it was found that acoustic reflexion 

from the base of the settling chamber produced unsteadiness in 

the impingement flows under some conditions .The base of the 

chamber was then covered with a thick layer of cotton padding, 

which acted as a sound absorber [1]. 

The convergent-divergent type nozzle is used with identical 

design downstream of the throat. This consists of an initial 

expansion in the form of a circular arc with radius equal to the 

throat diameter, which is 21.4 mm, and a conical exit section 

of 15°semi-angle. The exit diameter, Do is 30 mm, giving a 

design lip Mach number of 2.2. One of the nozzles, referred to 

here as the short nozzle is that used. It has an entry contraction 

whose final section is a circular arc of radius equal to 2.56 times 

the throat diameter. The other nozzle, referred to as the long 

nozzle, has an elliptical entry contour whose radius of 

curvature at the throat is 5.2 times the throat diameter [6]. 

 

III. NOZZLE DESIGN 

 
 

Fig. 1.  Nozzle design 
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The convergent divergent nozzle with throat diameter of 

21.4 mm and a conical exit section of 〖15〗^°semi-angle. Inlet 

diameter of the nozzle is 109.56mm, exit diameter of 30 mm 

and the length of the nozzle is 130 mm. The nozzle design 

shown as in the Fig. 1. 

 

IV. EXPERIMENTAL CONDITION 

The experimental conditions for the experiment are 

tabulated in the Table 1. 

 
TABLE I 

EXPERIMENTAL CONDITIONS 

 Main Flow 

Fluid air 

Mach number at exit of nozzle 2.2 

Stagnation pressure (bar) 30  

Stagnation temperature (k) 300 

Mass flow rate (kg/s) 31.2 

 

V. COMPUTATIONAL ANALYSIS 

The numerical simulation is done in the commercial CFD 

software FLUENT. The validation has done for SST k-⍵.  

VI. MESH SENSITIVITY 

Mesh sensitivity study is carried out to ascertain the accuracy 

of the numerical results. The mesh sensitivity study is carried 

out by analyzing the mach number variation at the exit of the 

nozzle. 

 

Fig.2.  Variation of Mach number with number of elements 

 

TABLE II 

NUMERICAL RESULTS OF MACH NUMBER WITH CORRESPONDING MESH SIZE 

Mesh size Mach number 

183827 2.221 

153867 2.212 

128678 2.165 

85699 2.105 

56387 1.98 

28224 1.83 

10574 1.75 

 

It is clear from the Table 2, the difference in the value of mach 

number with mesh size. The results showed that the increase of 

grid size of183827does not yield any significant variation in 

the results. The study also showed that 80000 grids were quite 

insufficient to capture the flow in a refined manner and 153867 

mesh was having slight deviations from the required mach 

number. Hence the grid size was finalized as 150000. Both 

structured and unstructured grids were used (120278 

hexahedral grids). Similar mesh sensitivity study is done for all 

other cases. The Fig. 2. Show the graphical representation of 

mach number and number of elements. Meshing of size with 

150000 is shown in Fig. 3. 

 

Fig. 3.  Mesh 

VII. RESULTS AND DISCUSSION 

The variations of static pressure distribution on different plate 

spacing to jet diameter ratio (h/d) with different plate angles 

are discussed here. The peak pressure is observed at the point 

of stagnation region of jet. 

Pressure Contours at h/d=1 with 60°, 70°, 80°, 90°: 

The pressure contour of plate spacing to jet diameter ratio 

(h/d) =1 at 60° plate angle is shown in Fig. 4. 

 

Fig. 4.  Pressure contour of h/d =1 at 60° 

The pressure at the middle of the plate is 5.92 bar. Two peak 

pressures are formed in the upstream side of the plate. The first 

peak has a pressure of 8.2 bar at a distance 10 mm in the 

upstream region and the second peak have a pressure of 3.2 bar 

at a distance 120 mm in the upstream region. But the pressure 

is reduced in the downstream region. 

 

Fig. 5.  Pressure contour of h/d =1 at 70° 
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The pressure contour of plate spacing to jet diameter ratio 

(h/d) =1 at 70° plate angle is shown in Fig. 5. 

The maximum pressure obtained on the surface of the plate 

is 5.4 bar and there is no secondary peak is obtained here. The 

pressure contour of plate spacing to jet diameter ratio (h/d) =1 

at 80° plate angle is shown in Fig. 6. The maximum pressure 

on the surface of the plate is 8 bar. 

 

Fig. 6.  Pressure contour of h/d =1 at 80° 

Pressure Contours at h/d=2 at60°, 70°, 80°, 90°: 

The pressure contour of plate spacing to jet diameter ratio 

(h/d) =2 at 60° plate angle is shown in Fig. 7. Here the two 

pressure peaks are obtained. The first peak has a pressure of 4 

bar and the secondary peak has a value of 1 bar. 

 

Fig. 7.  Pressure contour of h/d =2 at 60° 

 

Fig. 8.  Pressure contour of h/d =2 at 70° 

 

Fig. 9.  Pressure contour of h/d =2 at 80° 

The pressure contour of plate spacing to jet diameter ratio 

(h/d) =2 at 70° plate angle is shown in fig 8. The maximum 

pressure obtained on the surface of the plate is 3.6 bar. 

The Fig. 9. Shows the pressure contour of h/d =2 at 80°. The 

maximum pressure obtained on the test plate is 5.8 bar. 

 

Fig. 10.  Comparison of pressure at h/d=1 with 60°, 70°, 80° 

The Fig. 10. Shows the pressure on a test plate obtained by 

the jet impingement at h/d=1 with 60°, 70°, 80°. It is clear that 

the secondary peak move towards the first peak by increasing 

the plate angle. The maximum pressure obtained at an angle of 

60°. 

 

Fig. 11.  Comparison of pressure at h/d=2 with 60°, 70°, 80° 

The maximum pressure on the test plate obtained at h/d=2 is 

less than the pressure at h/d=1.The maximum pressure obtained 

is 5.8 bar at 80° plate angle. 40% of pressure is reduced by 

increasing the plate spacing to jet diameter ratio (h/d). The 

secondary peak is obtained at an angle 60°. But the secondary 

peak move towards the first peak by increasing the plate angle. 

VIII. CONCLUSION 

The flow structure is visualised using CDF software. 

Computationally obtained topology of flow pattern on the 

impingement surface is agree with the experiment. It is 

observed that the flow topology is altered with variation of h/d. 

The pressure distribution obtained from experiment is similar 

to computation. This validates the usage of shear stress 

transport (SST) (K-ω) turbulence model for the chosen 

problem. Peaks are noticed in primary and secondary 

stagnation region. Larger peaks are observed for lower h/d 

value of unity. The peaks are reduced by decreasing the plate 

angle and increasing plate spacing to jet diameter ratio h/d. The 

secondary peaks are move towards the centre jet by increasing 

the plate angle and plate spacing to jet diameter ratio h/d. 
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